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Patchy distribution of photosynthetic lineages in eukaryotic diversity 
Not-so-recent consensus based on phylogenomic studies (< 2012) Adl et al. (2012) J Eukaryot Microbiol 59:429-493 
adapted from Ponce-Toledo et al. (2019) New Phytol
complex plastids (Fig. 1; Moreira & Philippe, 2001; Keeling,
2010).
The reduced number of primary plastid acquisitions compared
with that of eukaryotic lineages with complex plastids suggests that the
enslavement of a photosynthetic cyanobacterial endosymbiont (or
cyanobiont) is, for unknown reasons, more challenging from an
evolutionary point of view and requires specific adaptations to stabilise
the cyanobiont as apermanentorganelle.Once theprimaryplastidwas
fully integrated within the host (through the evolution of metabolite
export and protein import systems, transfer of plastid genes to the host
nucleus and evolution of proteins involved in redox regulation) it was
easier for algae to become endosymbionts of other eukaryotes. Here,
we review the genetic and genomic changes that accompanied the
evolution of primary plastids and explore the plastid proteome
composition to propose a possible role for host-derived and exogenous
genes in the establishment of these plastids. Likewise, we discuss the
genetic mosaicism of nuclear genomes in complex plastid-harbouring
lineages in the light of horizontal gene transfer (HGT) and putative
cryptic endosymbioses.
II. Evolution of primary plastids in Archaeplastida
Plastids in Archaeplastida are derived from an endosymbiotic
cyanobacterium that was fully integrated in a heterotrophic
eukaryotic host and became an organelle. Nonetheless, plastids
differ considerably from free-living cyanobacteria. One of themost






































































Lineage with primary plastids
Lineage with secondary green plastids
Lineage with secondary red plastids
Fig.1 Thedistributionofphotosynthesis in global eukaryoticphylogeny.Coloured solidbranchescorrespond tophotosynthetic lineagesendowedwithprimary
plastids and coloured dashed branches to lineages with secondary plastids (green and red colours indicate the type of secondary endosymbiont, green or red
algae, respectively). Blue arrows show the two knownprimary endosymbioses (in Archaeplastida and Paulinella) and green and red arrows indicate secondary
endosymbioses involving green and red algal endosymbionts. Grey branches correspond to nonphotosynthetic eukaryotic phyla. The tree has been largely
modified from Adl et al. (2012).
Fig. 2 Lightmicroscopy imageofPaulinella chromatophora. Thepigmented
Synechococcus-like primary plastids are easily visible within the cytoplasm.
Bar, 10 lm. Image courtesy of Eva Nowack (Heinrich-Heine-Universit€at
D€usseldorf, Germany).
New Phytologist (2019) ! 2019 The Authors











Horizontal spread of plastids across eukaryotic lineages 
Higher-order endosymbioses involve eukaryotic hosts and symbionts
Zimorski, et al. (2014) Curr Opin Microbiol 22:38-48
plastids unquestionably  — based on plastid genome
organization, not trees [46 ] — descend from red algae.
Moustafa et al. [47 ] found that diatoms harbour many
nuclear genes that branch with red algal homologues, as
they  should, if their plastids indeed are derived from the
red lineage, which they  are, and if many  genes have been
transferred from organelles to the nucleus during evolu-
tion, which has happened [48,49 ]. The problem is that


























Current Opinion in Microbiology
Plastid evolution. The initial uptake of a cyanobacterium by a heterotrophic host lead to three lineages: the Glaucophytes, Chloroplastida and
Rhodophytes. Subsequently, two individual secondary endosymbiotic events involving algae of the Chloroplastida lineage and two heterotrophic hosts
of unknown nature lead to the Chlorarachniophytes (symbiosis 1) and Euglenophytes (symbiosis 2). The radiation of secondary red plastids is not fully
resolved, but the initial step was monophyletic, too (symbiosis 3) and connected to the origin of the SELMA translocon (see Figure 2 for details). While
there is good evidence that the initial secondary plastid is of monophyletic origin, the amount of downstream-involved hosts remains uncertain
(potential additional symbioses a–c). In some lineages red complex plastids could be of tertiary endosymbiotic origin. For details please refer to the
text.
Modified from [30].








‣ ingestion by phagocytosis 
• loss of extra (e.g., 
phagosome) membrane(s)

• failure of digestion

• synchronisation of division

‣ initiation of metabolic fluxes 
• insertion of transporters into 
endosymbiont membranes

‣genome reduction of the 
enslaved endosymbiont 
• endosymbiotic gene transfer 
(EGT) into host nucleus

• protein import back into the 
organelle (evolution of a 
specific translocation system 
AND associated labels)
Maier et al. (2015) Eur J Cell Biol 94:340-348
« Chromista, characterized by the chloroplast 
endoplasmic reticulum with two extra membranes 
and two extra spaces, must have even more 
complex mechanisms of protein translocation into 
their chloroplasts. » Cavalier-Smith and Lee (1985)
Complex algae as 
« Hopeful Monsters »
Evolution occurs gradually. 
No mechanistic diﬀerence exists 




(Keeling 2013) is certainly not 
orthodox Darwinian thinking.

This is a saltationist scenario, 
akin to Richard Goldschmidt’s 
Hopeful Monster (Kutschera 
and Niklas 2004, 2008).

Hopeful monsters are appealing 
because we like underdogs.

Yet they should not make it too 
often. Thus evolutionary models 
try to minimize the number of 
successful endosymbioses. « Hopeful Monster »
Cookie?
A single endosymbiosis at the origin of each type of complex plastids 
Two joint hypotheses by T. Cavalier-Smith (1999, 2003) Bhattacharya et al. (2004) BioEssays 26:50-60 




of complex red plastids 













































The origin(s) of plastids in photosynthetic eukaryotes. (a) Multiple lines of evidence (see text) support the
single origin of the primary plastid in the ‘Plantae’ common ancestor. The plas id in ed and green algae
was then transferred to chromalveolates, euglenids, and chlorarachniophyte amoebae via independent
secondary endosymbioses. (b) Phylogenetic tree based on maximum likelihood analysis of a data set of 6
nuclear-encoded plastid-targeted proteins that shows the origin of the primary plastid in ‘Plantae’ from a
cyanobacterial source (blue circle), the secondary origin of the red algal plastid (red circle) in
chromalveolates, and the independent origins of the green algal plastid (green circles) in euglenids, and
chlorarachniophytes (see text for details). These latter two groups are not part of the phylogenetic
analysis and have been simply added to the tree.
analyses of nuclear-encoded plastid-targeted
proteins that supports themonophyly of chro-
malveolate plastids is shown in Figure 4b.
The separate origins of the chlorarachnio-
phyte and euglenid green plastids that was in-
ferred from analysis of plastid genomes from
these taxa (85) have been added to this tree.
The potential power offered by phylogenetics
is exemplified by Figure 4b in which we can
trace in one framework the origin of prokary-
otic genes in eukaryotic nuclear genomes via
primary endosymbiosis (filled blue circle) and
the subsequent transfer of these genes from
one or more red algae to the chromalveolates
via secondary endosymbiosis (filled red circle).
This type of analysis has also provided direct
evidence for tertiary endosymbiosis in which
an alga containing a secondary plastid was it-
self engulfed and retained by another protist
(13, 40, 69). Although not discussed in detail
here, this phenomenon is until now limited
to dinoflagellates that are the masters of serial
endosymbiosis (31).
Case Study: The Peculiar Path of
Dinoflagellate Peridinin Plastid
Evolution
The most common type of plastid in di-
noflagellates contains peridinin as the major
carotenoid. This pigment, although similar
in structure to fucoxanthin, is unique to
this group. Three membranes surround the
peridinin-containing plastid, which is not
























































































More phylogenetic predictions: monophyly of the host lineages 
Plastid loss is not an issue for « chromalveolate » proponents
adapted from Lane and Archibald (2008) TREE 23:268-275
would have to have been acquired before the split between
the haptophyte + cryptophyte clade from alveolates + -
stramenopiles + Rhizaria (Figure 3b). Plastids would then
presumably have been lost, independently, in Rhizaria,
some stramenopiles, ciliates, early diverging dinoflagel-
lates (e.g. Oxyrrhis) and many or most apicomplexans
[39]. Finally, the subsequent uptake of a green algal endo-
symbiont in the ancestor of chlorarachniophytes would
produce the distribution of plastids observed today
(Figure 3b). Like the original chromalveolate hypothesis
(Box 2), this scenario would require that plastid loss be far
more common than gain. Although the prevalence of plas-
tid loss (as opposed to loss of photosynthesis) among
eukaryotes is unknown, the nuclear genomes of two Phy-
tophthora species [29] (stramenopiles) and the apicom-
plexan Cryptosporidium [41] encode plastid-derived
genes, despite these organisms lacking plastids, an indica-
tion of at least two instances of plastid loss in the ancestors
of these different organisms. Additionally, the recently
discovered photosynthetic eukaryote Chomera velia [42],
which is closely related to apicomplexans, strongly
indicates a shared photosynthetic ancestor of both Apicom-
plexa and dinoflagellates and subsequent loss in the plas-
tid-lacking members of these groups.
If the new position of Rhizaria as a part of Chromalveo-
lata reflects the true evolutionary history of this lineage,
one would predict that genes of red algal ancestry might
persist in the nuclear genomes of this group as remnants of
the red algal genomes that were present in the rhizarian
common ancestor. Interestingly, red algal-derived plastid
genes were discovered in the nuclear genome of the green
algal plastid-containing rhizarian Bigelowiella natans
[43], and were interpreted as having been acquired by
lateral gene transfer rather than vertically inherited from
a red algal plastid-containing ancestor. A complete genome
sequence for B. natans will soon be available (http://
www.jgi.doe.gov) and will make it possible to test whether
or not this red algal ‘footprint’ is (at least in part) the result
of ancient endosymbiotic gene transfer. However, most
Rhizaria are recalcitrant to laboratory experimentation,
and significant amounts of sequence data from diverse
members of this lineage will be slow in coming. At any
rate, if analyses eventually show that two (ormore) distinct
plastids were harbored by the ancestors of extant organ-
isms, as has been previously shown in some dinoflagellates
(see Ref. [37]), then determining the organismal history of
such eukaryotes might be even more difficult than cur-
rently appreciated.
Phylogenetic hope in light of EGT?
Although we have focused on chromalveolates and ignored
the potentially significant role of lateral gene transfer in
eukaryotic evolution (e.g. Ref. [44]), the reality of EGT and
its phylogenetic implications can be extended to many of
the eukaryotic supergroups. The relationships within and
between chromalveolate and rhizarian taxa are not only
important for understanding amajor component of the tree
of life but also for understanding organelle evolution and
Figure 3. Two hypotheses to explain the distribution of secondary plastids, based on competing scenarios of eukaryotic evolution. A green algal-derived secondary plastid
has been acquired by two separate lineages, in independent endosymbiotic events (thin dashed lines). (a) A single red algal endosymbiosis occurred in the common
ancestor of Chromalveolata, necessitating multiple plastid losses at the base of the various nonphotosynthetic lineages. (b) If Rhizaria evolved fromwithin chromalveolates,
it is most parsimonious to assume that the red algal secondary plastid was lost before the diversification of this lineage. A green algal secondary plastid has been acquired
by chlorarachniophytes more recently.












Explicit phylogenomic test of chromalveolate signal strength 
CASH plastids are monophyletic but not other cell compartments
Baurain et al. (2010) Mol Biol Evol 27:1698-1709 
Petersen et al. (2014) Genome Biol Evol 6:666-684 
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plastid / mitochondrion / nucleus histories 
similar to each other than predicted by the regression model,
regardless of which genome was used as the query (Fig. 1). This
latter result is interesting because it is at odds with the widely
discussed Hacrobia hypothesis, which argues that cryptophytes
and haptophytes are the most closely related of the three chromist
algal groups34. When a randomly chosen ochrophyte genome
(the diatom Phaeodactylum tricornutum) was used as a reciprocal
query, cryptophytes and haptophytes were the two largest
outliers, although neither deviated significantly from their
predicted values (Supplementary Fig. 2 and Supplementary
Table 1). Thus, regressions provide strong support for an
endosymbiotic association between heterokonts and
haptophytes, suggest one between heterokonts and cryptophytes
and give no indication that cryptophytes or haptophytes are
related either phylogenetically or through a direct endosymbiosis.
The overall results of regression analyses suggest a pattern of
serial endosymbioses, including the tertiary adoption of a
cryptophyte by the ancestor of ochrophytes, and then a
quaternary uptake of an ochrophyte into the ancestor of
haptophytes. Figure 2a depicts these serial transfers mapped
onto a tree of eukaryotic relationships adapted from the recent
phylogenetic investigation of cryptophyte and haptophyte evolu-
tion by Burki et al.19 Because the regressions alone indicate only
greater similarities than expected between query genomes to
target taxa, they do not polarize plastid transfers in this direction;
however, cryptophytes retain a residual red algal nucleus from the
original secondary endosymbiosis35, which is absent from either








































Figure 1 | Evidence of EGT from regression analyses with significant
outliers. Linear regressions on relationships between the number of most
similar sequences (measured as top BLAST matches) from 13 other
eukaryotic lineages to all inferred protein-encoding genes in haptophyte
(solid line, black triangles) and cryptophyte (dashed line, grey circles)
genomes. The largest outliers are highlighted with studentized residuals
(residual divided by its standard deviation; ‘s.d.’ on figure) and images of
the taxa that share more genes than expected based on the model,
heterokonts in both cases. For comparison, the data points that indicate
measure of similarity between cryptophytes and haptophytes genome also
are highlighted. No studentized residual is provided for the data point
indi ating the number of top BLAST hits to haptophytes using the
cryptophyte genome as query, because it falls at the predicted value from
the regression line. Arrows indicate the proposed direction of EGT based on
our overall model, except for the double-pointed arrow (the X indicating no
evidence of EGT in either direction), which shows the reciprocal results
between haptophytes and cryptophytes. A query’s matches to its own
group (for example, haptophyte to haptophyte) are not counted, meaning


































































Figure 2 | Model of serial plastid endosymbioses and a test using genes
from plastid genomes. (a) Model of serial plastid endosymbioses
suggested by regression analyses. The relationships depicted agree with
general inferences from eukaryotic phylogenomics that heterokonts are not
closely related to cryptophytes or haptophytes, and that each of the three
groups emerge from mutually exclusive clades containing heterotrophic
relatives. With respect to our proposed model of serial endosymbioses, the
specific topology of the tree is not important, only that the three chromist
algal groups do not form an exclusively monophyletic grouping that
excludes aplastidial heterokonts. (b) Tree of plastid relationships based on
an alignment of 5,818 amino-acid positions from genes inherited directly
through the plastid genome, an independent data set for testing the model
of plastid transfer inferred from EGT. The tree shown was recovered using
both Bayesian and maximum-likelihood (ML) approaches. Bayesian
posterior probabilities and ML bootstrap support values are provided for
each node, with a star indicating 1.0 and 100% support, respectively. A
second bootstrap value on nodes in the red plastid clade is from ML
analyses performed in the absence of the green plastid lineage as outgroup.
Bayesian probabilities are based on 5,000 sampled trees and bootstrap
support values are from 1,000 replicates in each case.
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6764 ARTICLE
NATURE COMMUNICATIONS | 5:5764 |DOI: 10.1038/ncomms6764 |www.nature.com/naturecommunications 3
& 2014 Macmillan Publishers Limited. All rights reserved.
Tertiary endosymbioses in alveolates and beyond 
How to reduce a matriochka doll into a regular-looking complex plastid? Archibald (2009) Curr Biol 19:R81-88 
Gould et al. (2015) Curr Biol 25:R515-521
Crossing the Second Outermost of Four Plastid
Membranes: SELMA
In the past few years it has become apparent that in all lineages
bearing red secondary plastids that are surrounded by four
membranes, a specific machinery resides in membrane 2
[28–30]. The exceptions are the dinoflagellates, whose plastids
have lost one membrane (probably the membrane carrying this
machinery). The first hints about this machinery came from the
sequence of the nucleomorph genome of Guillardia theta,
which was found to encode homologs of the ERAD system
[30]. ERAD stands for ER-associated protein degradation and
consists of about a dozen or so components. In a typical eu-
karyotic cell, ERAD serves to re-translocate (or extract) proteins
from the ER lumen for cytosolic degradation [31], but the
ERAD machinery in the cryptomonad endosymbiont has been
adapted for another membrane trafficking role. Cryptophytes
have their own, nuclear-encoded ERAD machinery, and the
nucleomorph-encoded ERAD components were clearly distinct
and were furthermore clearly derived from the red algal
symbiont. Following a great deal of hard work to pursue the
issue, the current understanding of protein import across
membrane 2 is that the nucleomorph-encoded ERAD homo-
logues — now called SELMA, for symbiont-specific ER-like
machinery [32] — do the job of bringing proteins across mem-
brane 2 and, in the case of plastid proteins, into contact with
TOC and ultimately TIC. The molecular components of SELMA
have been the subject of several recent reviews [23,33,34].
For Guillardia, where several components of SELMA are
nucleomorph encoded and synthesized on ribosomes in the
periplastidal compartment (PPC, the red algal symbiont
cytosol; Figure 2A), SELMA is poised to be inserted, without
evolutionary innovations, into a native ER membrane, as out-
lined below.
With the notable exception of dinoflagellates, all investigated
secondary red plastid-containing lineages encode SELMA
homologues in their nucleus, in addition to their genuine
ERAD machineries. The conserved function of SELMA is to
import plastid precursor proteins from the ER lumen into the
PPC and towards membrane 3, the plastid. Importantly, the
SELMA homologues in all secondary red lineages appear to
trace to one and the same source [11,35]. The different red sec-
ondary plastid-bearing lineages thus all have the same SELMA,
which is derived from one and the same symbiont’s ERAD
machinery [11,35]. Just as TOC and TIC indicate a single origin
of primary plastids [20], SELMA indicates a single origin of sec-
ondary red plastids. Tom Cavalier-Smith will be quick to point
out that that is exactly what the chromalveolate hypothesis
said [6], albeit based on a different translocon, as SELMA
had not been discovered then. But while the monophyly of
SELMA provides strong evidence for the monophyletic origin
of the secondary red algal plastid, it does not directly tell us
how many hosts might have come to acquire it. Different
tertiary (or quaternary) hosts can, in principle, make use of
the same SELMA, just like different tertiary (or quaternary)
hosts can, in principle, make use of the same TOC and TIC.
But that does not mean that we can invoke tertiary (or quater-
nary) symbioses without some penalty for the number of
events. And in comparison to TOC and TIC, which always
reside in the same homologous membrane, the symbiont ER
in which SELMA arose no longer exists, such that SELMA
has been retargeted to a different membrane. How did that

















PPCPhagosome Perialgal vacuole PPMA
B
Current Biology
Figure 1. Phagosomal origin for the
outermost membrane of red complex
plastids.
(A) At the onset of endosymbiosis, the symbiont
resided within a phagosomal vacuole. This vacu-
ole was converted to a perialgal vacuole (1) to
terminate symbiont degradation. Inside this vac-
uole the red alga began to reduce in complexity,
losing, for example, its mitochondria (2). At the
same time, the nucleomorph (Nm)-encoded
SELMA was dual-targeted to (i) the reduced
endoplasmic reticulum (ER) of the periplastidal
compartment (PPC) of the endosymbiont and (ii) to
its former plasmamembrane (now the periplastidal
membrane (PPM); membrane 2). Then the outer
membrane of the perialgal vacuole (membrane 1)
fused with the host ER, forming the ‘chloroplast
ER’. Once SELMA was functionally integrated into
the PPM, import of proteins whose genes had
been transferred from endosymbiont to host was
ensured and the situation observed in crypto-
phytes today reached (3), with some SELMA
genes having been transferred to the nucleus (Nu)
and some still being Nm-encoded. In the chro-
malveolate hypothesis we must predict either a
separation of the endosymbiont’s compartment
from the ER for alveolates or, alternatively, a
bifurcation of alveolates prior to the fusion of the
perialgal vacuole with the host ER. (B) Count the
membranes. In ‘rhodoplex hypothesis’-like scenarios that propose independent tertiary or quaternary endosymbiosis we must predict additional rounds
of r duction that now also inclu e the loss of the nucleomorph. We must also predict additi nal rounds of fusions of the perialgal vacuole (now containing
a cryptophyte or stramenopile algae that are far more complex) with the host ER. Note that for stramenopiles and haptophytes we end up with a membrane
topology identical to that found in the initial cryptophyte-like endosymbiont. It is as if the additional hosts never existed.








































Gene mosaicism in nuclear genomes of complex algae 
Cryptic endosymbioses or biased HGT? Moustafa et al. (2009) Science 324:1724-1726 
Elias and Archibald (2009) BioEssays 31:1273-1279
a distantly related photosynthetic eukaryote whose plastid
evolved directly from the cyanobacterial plastid progenitor.
Inferring how many times the ‘primary’ plastids of red algae,
green algae (and plants) and glaucophyte algae evolved into
‘secondary’ plastids is an area of active investigation and
debate.(22–25) No secondary plastids derived from glauco-
phytes are known, but both green and red algae have, each at
the very least on one occasion, been captured and converted
into a secondary plastid (Fig. 2). This process involves a
second round of EGT, this time from the endosymbiont
nucleus to that of the secondary host (Fig. 1), as well as the
evolution of another protein import pathway built on top of that
used by primary plastids.(5,26) For these reasons, successful
integration of a secondary endosymbiont is thought by many
to be difficult to achieve, and secondary endosymbiosis is
thus usually invoked only sparingly.
Secondary plastids of green algal origin occur in
euglenophytes and chlorarachniophytes, whereas most
plastids in so-called ‘chromalveolates’ are derived from red
algae. Chromalveolates include cryptophytes, haptophytes,
dinoflagellates, apicomplexans, the newly discovered coral
alga Chromera velia and stramenopiles (or heterokonts), the
latter being the group to which diatoms belong (Fig. 2). The














Figure 1. Endosymbiosis and gene flow in photosynthetic eukar-
yotes. Diagra depicts movement of genes in the context of primary
and secondary endosymbiosis, beginning with the cyanobacterial
endosymbiont (CB) that gave rise to modern-day plastids. Acquisition
of genes by horizontal (or lateral) gene transfer is always a possibility,
and such genes can be difficult to distinguish from those acquired by
endosymbiotic gene transfer (EGT). CB, cyanobacterium; HGT, hor-





























































Dinoflagellates +/- 3 o
Figure 2. Origin and spread of photosynthesis across the eukaryotic tree of life. Diagram shows hypothesised ‘supergroups’ with emphasis on
those containing photosynthetic lineages. Some (but not all) lineages within the different supergroups are provided for context. The tree
topology shown within the ‘chromalveolate’þSAR (StramenopilesþAlveolatesþRhizaria) clade represents a synthesis of phylogenetic and
phylogenomic data published as of 31 August 2009. Branch lengths do not correspond to evolutionary distance. Dashed lines indicate
uncertainties with respect to the timing and/or directionality of secondary (28) or tertiary (38) endosymbiotic events, question marks (?) indicate
uncertainty as to the presence of a plastid and ‘þ/"’ indicates that both plastid-bearing (þ) and plastid-lacking (") dinoflagellates and
apicomplexans exist. Examples of green and red algal-derived tertiary plastids in dinoflagellates are known (see text for discussion). HGT,
horizontal (or lateral) gene transfer.
What the papers say M. Elias and J. M. Archibald
1274 BioEssays 31:1273–1279, ! 2009 Wiley Periodicals, Inc.
Genomic Footprints of a Cryptic
Plastid Endosymbiosis in Diatoms
Ahmed Moustafa,1* Bánk Beszteri,2* Uwe G. Maier,3 Chris Bowler,4,5
Klaus Valentin,2 Debashish Bhattacharya1,6†
Diatoms and other chromalveolates are among the dominant phytoplankters in the world’s
oceans. Endosymbiosis was essential to the success of chromalveolates, and it appears that the
ancestral plastid in this group had a red algal origin via an ancient secondary endosymbiosis.
However, recent analyses have turned up a handful of nuclear genes in chromalveolates that are of
green algal derivation. Using a genome-wide approach to estimate the “green” contribution to
diatoms, we identified >1700 green gene transfers, constituting 16% of the diatom nuclear
coding potential. These genes were probably introduced into diatoms and other chromalveolates
from a cryptic endosymbiont related to prasinophyte-like green algae. Chromalveolates appear
to have recruited genes from the two major existing algal groups to forge a highly successful,
species-rich protist lineage.
Diatoms are well-studied members ofthe putative supergroup Chromalveolata[fig. S1 and supporting online material
(SOM) text] and comprise unicellular, photo-
synthetic, dominant taxa in the marine phyto-
plankton. Diatoms are central to understanding
oceanic primary production and biogeochemistry
(1 ). Much effort is currently being expended
to develop some taxa as models for genetic
and genomic research as well as sources for
biofuel (2 ) and nanotechnology (3 ). We con-
ducted a phylogenomic analysis of the diatom
proteome using complete genome data from
Thalassiosira and Phaeodactylum. This proce-
dure identified 2423 and 2533 (2423/2533)
Phaeodactylum and Thalassiosira genes, re-
spectively (this order of results is used through-
out the paper and SOM), that are derived fr m
red or green algal sources. Contrary to the ex-
pectation of the chromalveolate hypothesis
(4 ), however, >70% of these genes are of green
(not red) lineage provenance (Fig. 1, table S1,
and fig. S7). This green gene contribution con-
stitutes ≈16% of the diatom proteome. Two of
the major topological classes that were uncov-
ered are shown in fig. S2. The first class (fig.
S2A) contains 442/442 trees in which both red
and green algae are present, but there is robust
bootstrap support for the green algae plus dia-
tom (and other chromalveolates) clade. Of
these trees, 144/133 show the green algal and
diatom sequences to diverge within the Plantae
kingdom, which is composed of green algae and
plants, glaucophytes, and red algae (5 , 6 ). An
example is phytoene desaturase (fig. S2A), which
is an early enzyme in plastid carotenoid biosyn-
thesis. It was previously reported that 5 of the
16 genes in this photoprotective pathway are
of green algal origin (7 ), and their occurrence
in chromalveolates probably ensures a high
photosynthetic efficiency under fluctuating light
(8 ). The remaining 298/309 trees indicate an in-
dependent origin of the gene in the donor green
algae, with respect to other Plantae. A second
major class of trees shows an independent gene
origin in prasinophytes relative to other green
algae and plants, before being transferred to
diatoms and other chromalveolates (Fig. 2). The
absence of red algal homologs in some trees
in this class may be explained by gene loss in
th reduced nuclear genome of the red algal
representative i ou databas , Cyanidioschyzon
merolae (SOM text). An example tree from this
class is a member of the isoprenylcysteine car-
boxyl methyltransferase superfamily (fig. S2B).
We found four genes that encode the following
gene products: naphthoate synthase (GenBank GI
number 219114006), heme oxygenase (GenBank
GI number 219117865), pyruvate dehydrogenase
(GenBank GI number 219119135), and GUN4-
like protein (GenBank GI number 219127880),
which are retained in red algal plastid genomes
but absent from this red-derived organelle ge-
nome in diatoms. These sequences are present in
the diatom nucleus but are of green algal der-
ivation. This suggests that red plastid–encoded
genes were lost if green homologs were already
present in the host nucleus.
To identify the putative sources of the dia-
tom green genes, we examined their distribution
among the green lineages (Viridiplantae). The
Viridiplantae comprise two well-supported phyla,
the Chlorophyta (most green algae, such as
Chlamydomonas, in the core chlorophytes and
the prasinophytes) and the Streptophyta (char-
ophyte green algae and all land plants; Fig. 2A).
The prasinophytes include the world’s smallest
eukaryotes (the picoeukaryote Ostreococcus; cell
diameter ≈1 mm), which are part of a morpho-
logically diverse group of paraphyletic lineages
diverging at the base of the Chlorophyta (9 ). We
found that 637/716 diatom green genes (36/41%)
trace their origin to the prasinophytes in our data
set (Micromonas and Ostreococcus; Mamiellales
clade) of which 167/175 are shared with other
Chlorophyta (71/67 genes; Chlamydomonas
and Volvox) or Streptophyta (23/40 genes; Ara-
bidopsis, Oryza, Physcomitrella, and Zea) or by
both phyla (73/68 genes; Fig. 2B). These 167/175
genes have a putative ancient origin in Viridi-
plantae. Streptophyte- and core chlorophyte–
specific donors account for 192/177 and 145/170
genes, respectively (Fig. 2C). Many f these
genes may ancestrally have been present in the
Viridiplantae and lost by prasinophytes and/or
other green lineage members, whereas the re-
mainder represent independent horizontal gene
transfers (HGTs) into streptophytes and core
chlorophytes. In spite of the reduced nuclear ge-
nome of the prasinophytes in our study (≈9000
protein-encoding genes) as compared to the
larger genomes of core chlorophytes and strepto-
phytes (≈15,000 and ≈30,000 protein-encoding
genes, respectively), 470/541 genes are shared ex-
clusively between prasinophytes and diatoms (Fig.
2, B and C), of which 462/502 (98 and 93%) are
present in expressed sequence tag (EST) libraries
from Phaeodactylum and Thalassiosira. Because
of their specific affiliation with picoprasinophytes,
these genes are unlikely to represent missing se-
quences from Cyanidioschyzon. This diatom green
gene set may therefore be gene recruitments via
HGT in picoprasinophytes that were later trans-
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Fig. 1. Diatom genes of a red or green algal
origi that were identified using phylogenomic
analysis of complete genome data. Each bar rep-
resents the total number of algal genes in the
corresponding diatom species. The “gene fami-
lies” bar indicates the total number of transferred
genes in both diatoms after clustering the data
into gene families through single-linkage hierar-
chical clustering. The “unresolved” category indi-
cates that red and green algae are sisters of each
other in the tree and monophyletic with diatoms
(and other chromalveolates).
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Shopping bag model
Endosymbiotic models can 
accommodate some HGT.

The « limited transfer window » 
hypothesis (Barbrook et al. 2006) 
implies that it might be easier to 
recruit a xenologous copy of a 
plastid gene than to get it from 
the endosymbiont genome.

Alternatively, the « shopping 
bag » model (Larkum et al. 2007) 
proposes that a host forms a 
series of transient symbioses 
before achieving a stable 
relationship. This results in a 
plastid to which can be targeted 
genes transferred from an array 
of diﬀerent donor organisms.
Keeling (2013) Annu Rev Plant Biol 64:583-607
protists. The ciliate contains hundreds of endosym-
bionts in individual perialgal vacuoles close to the
surface of the cell (Kodama & Fujishima 2009) that
are vertically transmitted to daughter cells upon host
cell division (Siegel 1960). Endosymbionts supply the
host mainly with photosynthetically fixed carbon in
the form of maltose, supporting photoautotrophic
growth of the ciliate (Brown & Nielsen 1974), while
the host provides the endosymbiont with nitrogen com-
pounds (Reisser 1976). Phylogenetic analyses of SSU
rDNA and ITS2 revealed four distinct lineages of
endosymbionts from the Chlorellaceae and a second
green-algal clade containing species of Coccomyxa and
Paradoxia multiseta, suggesting multiple origins of the
symbiosis (Hoshina & Imamura 2008). Interestingly,
despite its apparent stability, the symbiotic association
is not obligatory, i.e. both partners can be grown separ-
ately and under appropriate conditions, and the
symbiosis can be reconstituted (Weis 1983).
(b) Hatena arenicola
Hatena arenicola is a katablepharid flagellate recently
described from an intertidal beach in Japan that
shows a peculiar life history (Okamoto & Inouye
2005, 2006): In natural populations, most H. arenicola
cells harbour a green-algal endosymbiont of the genus
Nephroselmis bounded by a single membrane of
unknown origin. Remarkably, upon cell division, the
endosymbiont is inherited only by one of the two
daughter cells, resulting in a symbiont-bearing green
cell and a symbiont-free colourless cell that
re-establishes the phototrophic lifestyle by ingestion
of a new Nephroselmis cell (figure 3b). The endosym-
biont occupies a distinct position and orientation
inside the host cell, with the endosymbiont’s eyespot
always placed at the apex of the host cell, indicating
a closely regulated interaction between both partners.
Interestingly, the uptake of the correct Nephroselmis













































Figure 3. Life history of protists with photosynthetic eukaryotic endosymbionts. (a) In P. bursaria aposymbiosis can be induced
by DCMU (DCMU ¼ 3-(3,4-Dichlorophenyl)-1,1-dimethylurea) treatment or growth in the dark. Upon availability of
Chlorella cells, the symbiosis is reconstituted in the light. (b) Cell division of H. arenicola yields one symbiont-bearing green
and one symbiont-lacking colourless cell, which reconstitutes the phototrophic lifestyle by ingestion of a Nephroselmis cell
(modified from Okamoto & Inouye 2006). (c) In M. rubra, performance of the cryptophyte-derived kleptoplastids depends on
transcriptional activity of the cryptophyte nuclei (symbolized by red arrows). Ageing nuclei are replaced by the uptake of new
cryptophyte prey. (d) Dinophysis cell during myzocytotic uptake of kleptoplastids from Myrionecta rubra.
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Endosym iosis vs. kleptoplastidy in u icellular euk ryotes 
Endosymbionts are engulfed alive / Kleptoplastid donors are killed Nowack and Melkonian (2010) 
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The case for 
kleptoplastidy
As the plastid genome does not 
encode the whole proteome, 
kleptoplastids cannot last and 
must be constantly replaced.

When feeding, host genomes 
are exposed to nuclear genes of 
the prey, especially if its nucleus 
is retained (karyoklepty).

This creates an evolutionary 
ratchet where any gene (of any 
source) helping to service the 
kleptoplastid is under selection 
for transfer into host nucleus.

The host gradually adapts to 
having a plastid by accumulating 
genes and eventually locks in its 
most recent kleptoplastid.
Wisecaver & Hackett (2010) BMC Genomics 11:366
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Did some red alga-derived plastids evolve via
kleptoplastidy? A hypothesis
Andrzej Bodył∗
Laboratory of Evolutionary Protistology, Department of Invertebrate Biology, Evolution and Conservation, Institute of Environmental Biology,
University of Wrocław, ul. Przybyszewskiego 65, 51–148 Wrocław, Poland
ABSTRACT
The evolution of plastids has a complex and still unresolved history. These organelles originated from a cyanobacterium
via primary endosymbiosis, resulting in three eukaryotic lineages: glaucophytes, red algae, and green plants. The red and
green algal plastids then spread via eukaryote–eukaryote endosymbioses, known as secondary and tertiary symbioses,
to numerous heterotrophic protist lineages. The number of these horizontal plastid transfers, especially in the case
of red alga-derived plastids, remains controversial. Some authors argue that the number of plastid origins should be
minimal due to perceived difficulties in the transformation of a eukaryotic algal endosymbiont into a multimembrane
plastid, but increasingly the available data contradict this argument. I suggest that obstacles in solving this dilemma
result from the acceptance of a single evolutionary scenario for the endosymbiont-to-plastid transformation formulated
by Cavalier-Smith & Lee (1985). Herein I discuss data that challenge this evolutionary scenario. Moreover, I propose
a new model for the origin of multimembrane plastids belonging to the red lineage and apply it to the dinoflagellate
peridinin plastid. The new model has several general and practical implications, such as the requirement for a new
definition of cell organelles and in the construction of chimeric organisms.
Key words: cell organelles, chromalveolates, endosymbionts, endosymbiotic gene transfer, plastid protein import, plastids,
symbiosome membrane.
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Results
Objectives
‣single-gene tree building 
• rich taxon sampling

• no obvious contamination





‣automated tree parsing 
• resistant to spurious HGT 
and tree-building artefacts

• taxonomy-aware yet agnostic

• no prior definition of the 
phylogenetic patterns
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Endosymbiosis Kleptoplastidy 
protists. The ciliate contains hundreds of endosym-
bionts in individual perialgal vacuoles close to the
surface of the cell (Kodama & Fujishima 2009) that
are vertically transmitted to daughter cells upon host
cell division (Siegel 1960). Endosymbionts supply the
host mainly with photosynthetically fixed carbon in
the form of maltose, supporting photoautotrophic
growth of the ciliate (Brown & Nielsen 1974), while
the host provides the endosymbiont with nitrogen com-
pounds (Reisser 1976). Phylogenetic analyses of SSU
rDNA and ITS2 revealed four distinct lineages of
endosymbionts from the Chlorellaceae and a second
green-algal clade containing species of Coccomyxa and
Paradoxia multiseta, suggesting multiple origins of the
symbiosis (Hoshina & Imamura 2008). Interestingly,
despite its apparent stability, the symbiotic association
is not obligatory, i.e. both partners can be grown separ-
ately and under appropriate conditions, and the
symbiosis can be reconstituted (Weis 1983).
(b) Hatena arenicola
Hatena arenicola is a katablepharid flagellate recently
described from an intertidal beach in Japan that
shows a peculiar life history (Okamoto & Inouye
2005, 2006): In natural populations, most H. arenicola
cells harbour a green-algal endosymbiont of the genus
Nephroselmis bounded by a single membrane of
unknown origin. Remarkably, upon cell division, the
endosymbiont is inherited only by one of the two
daughter cells, resulting in a symbiont-bearing green
cell and a symbiont-free colourless cell that
re-establishes the phototrophic lifestyle by ingestion
of a new Nephroselmis cell (figure 3b). The endosym-
biont occupies a distinct position and orientation
inside the host cell, with the endosymbiont’s eyespot
always placed at the apex of the host cell, indicating
a closely regulated interaction between both partners.
Interestingly, the uptake of the correct Nephroselmis













































Figure 3. Life history of protists with photosynthetic eukaryotic endosymbionts. (a) In P. bursaria aposymbiosis can be induced
by DCMU (DCMU ¼ 3-(3,4-Dichlorophenyl)-1,1-dimethylurea) treatment or growth in the dark. Upon availability of
Chlorella cells, the symbiosis is reconstituted in the light. (b) Cell division of H. arenicola yields one symbiont-bearing green
and one symbiont-lacking colourless cell, which reconstitutes the phototrophic lifestyle by ingestion of a Nephroselmis cell
(modified from Okamoto & Inouye 2006). (c) In M. rubra, performance of the cryptophyte-derived kleptoplastids depends on
transcriptional activity of the cryptophyte nuclei (symbolized by red arrows). Ageing nuclei are replaced by the uptake of new
cryptophyte prey. (d) Dinophysis cell during myzocytotic uptake of kleptoplastids from Myrionecta rubra.
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assumption 
EGT cannot start before 
endosymbiont lock in 
(per lack of selection) 
consequence 
Only serial repl cement 
can lead to gene osaicism 
in the host genom  
prediction 
low div rsity of donors
assum tion 
HGT starts a  oo  as 
the host takes advantage 
of the kleptoplastids 
consequenc  
As pr ys change over 
time, gene osaicism is 
unavoidable in hosts 
predicti n 
high diversity of onors
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Encoding genomes and/or functional locations of studied genes 
Testing our kleptoplastidic model requires focusing on cp-targeted (cpt) genes
nm cp cp/cpt cpt others
Gt 0 0 0 92
Bn 1 0 0 18
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Dependence of the number of HGTs on the dataset size 
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Dependance of the number of HGTs on the dataset size 





donor groups green plants
ochrophytes
Methods
Proteome selection and pre-processing 
Forty-Two and TAG-LOG are in-house software packages (see later)
Diversity of the 56 complete eukaryotic proteomes 
Taxonomy follows our expanded version of NCBI Taxonomy (e.g., SAR)
Transcriptome selection and pre-processing 
Sobek is our own parallel implementation of P. Simion’s CroCo
Diversity of the 196 algal MMETSP transcriptomes 
Sample richness does not avoid unbalanced representation (e.g., diatoms)
Overview of the computational pipeline from orthogroups to α-diversities 
Tree splitting and parsing steps also use specially developed in-house software packages
60-sec explanation of MSA enrichment with Forty-Two 
42 conservatively finds, translates and aligns orthologous transcripts Irisarri et al. (2017) Nat Ecol Evol 1:1370-1378 
Simion et al. (2017) Curr Biol 27:958-967
https://metacpan.org/release/Bio-MUST-Apps-FortyTwo
any artifactual signal. We note that the site-homogeneous LG
model (Figure 4D) recovered Ctenophora-sister, unlike the site-
heterogeneous CAT model (Figure 4A), which recovered Pori-
fera-sister. When demosponges were discarded, hexactinellids
remained grouped with the other sponges when the site-hetero-
geneous CAT model was used (Figure 4B), but with the site-
homogeneous LG model they formed a maximally supported
clade with ctenophores (bootstrap support [BS] 100%), located
at the base of metazoans (Figure 4E). Due to the removal of
demosponges, the short internal branch linking hexactinellids
to calcareous and homoscleromorph sponges, in combination
with the use of a less well-fitting model, was insufficient to coun-
teract the LBA artifact. This represents a quintessential LBA
configuration, with the three longest branches (two internal
and one external; highlighted with thicker lines in Figure 3) are
clustered together. When all other sponges were removed, the
Figure 3. Metazoan Phylogenetic Relationships Inferred from a Supermatrix of 401,632 Amino Acid Positions for 90 Species
Every gene jackknife replicate was composed of !100,000 positions (each replicate represents a larger dataset than those of any previous phylogenomic study
[1, 5–8, 10] except [9]) and was analyzed using PhyloBayes_MPI 1.6j under the site-heterogeneous CAT+ G4 model of sequence evolution. The tree shown here is
the consensus of the 100 jackknife replicates and branch support values (JS %) represent the number of analyses in which each branch was recovered; black
circles represent nodes with maximal support (100%). The three longest branches in terms of inferred substitutions are highlighted with thicker lines: the branch
separating metazoans from outgroups and the terminal branches bearing hexactinellid sponges and ctenophores. The supermatrix had an overall percentage of
missing data of 37.3%. Organism drawings were downloaded from the PhyloPic website. See also Figures S2 and S4.
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Forty-Two features
‣contiging of overlapping 
orthologous transcripts (nt) 
• CAP3

‣alignment on the most similar 
sequence in the MSA 
• BLASTX or Exonerate

‣elimination of redundant 
aligned fragments (aa) 
‣merging of aligned fragments 
from the same transcript (aa) 
• no chimera

‣ taxonomic aﬃliation 
• best-hit or MEGAN-like LCA

‣contamination detection 
• H. Philippe’s database of 
curated ribosomal markers
Simion et al. (2017) Curr Biol 27:958-967
Tree parsing algorithm looking for receiver groups nested within paraphyletic donor groups 
The diﬃculty is that trees are unrooted and donor/receiver groups are not predefined
Intruders, thresholds on number of species and age classes 
Some heuristics are needed to mimic human expertise during tree parsing
Prior knowledge provided to the tree parsing algorithm 
Unfrequent (small) groups cannot be donors / Younger groups cannot give to older groups
taxonomic group # per tree min # as donor min # as receiver age class
Viridiplantae 24.3 9 5 3
    Chlorophyta 21.6 9 4 3
    Streptophyta 2.8 3 2 3
Rhodophyta 8.5 6 3 3
    Bangiophyceae 4.5 4 2 3
    Compsopogonophyceae 1 / 2 3
    Florideophyceae 1 / 2 3
    Rhodellophyceae 1 / 2 3
    Stylonematophyceae 1 / 2 3
Glaucocystophyceae 1.4 / 2 3
Cryptophyta 7.2 6 3 2
Haptophyceae 10.9 7 3 1
Ochrophyta 53.1 11 6 1
    Bacillariophyta 34.0 10 5 1
    Bolidophyceae 2.5 3 2 1
    Dictyochophyceae 4.1 4 2 1
    Chrysophyceae 3.3 3 2 1
    Pelagophyceae 3.9 4 2 1
    Pinguiophyceae 1.7 2 2 1
    PX clade 1 / 2 1
    Raphidophyceae 1.6 / 2 1
    Synchromophyceae 1 / 2 1
Dinophyceae 14.8 8 4 1
    Kareniaceae 1.6 / 2 1
    Kryptoperidiniaceae 1.7 / 2 1
    Dinophysiales 1 / 1 1
Chromerida 1.5 / 2 1
Chlorarachniophyceae 5.9 5 3 1
Euglenozoa 1 / 1 1
Tree parser features
‣clan-level parsing 
• no requirement for rooted trees

• tree polarization on each 
sequence in turn

‣handling of gene paralogy 
• identification of multiple HGT 
events aﬀecting the same 
receiver organism in one tree

‣unbiased robust heuristics 
• ignoring intruders

• discarding sister relationships

• scarce use of prior knowledge

‣ (nearly) agnostic towards 
eukaryotic relationships 
• expanded NCBI Taxonomy

• precise donor group labelling
Kryptoperidinium foliaceum Dinophysis acuminata
High taxonomic resolution of donor groups 
Our tree parsing algorithm does its best to label donor groups as precisely as possible
Caveats
‣somewhat of a straw man 
• HGT also with endosymbiosis

‣uneven taxon sampling 
• biases due to size diﬀerences

• missing events (no bacteria)

‣contamination like HGT/EGT 
• no control for host encoding

‣green cp-targeted gene lists 
• not ideal for CASH evolution

‣ reliance on imperfect taxonomy 
• mixing closely related donors

‣no use of sister relationships 
• waste of genuine signal 
for extinct donor groups

• capture of topological errors
Waller and Kořený (2017) Adv Bot Res 84:105-143
Take-home message
‣hypothesis-based research 
• test an explicit model

‣ rich taxon sampling 




• weaken confounding signal 




• spare computing time 
and improve tree building

‣phylogeny-based analyses 
• go beyond similarity

‣conservative tree parsing 
• reduce noise and biases Waller and Kořený (2017) Adv Bot Res 84:105-143
Thank you!
